Impedance data in 0.1 M sodium sulfate electrolyte show that the charge-transfer resistance of the modified copper reaches an inhibition efficiency of 97 %.
INTRODUCTION
Copper is an important metal in construction, chemical, electrical and electronic industries: its low bulk resistivity and excellent electromigration properties make it a suitable replacement for gold and aluminum in wafer metallization and wire bonding applications [1] [2] . Due to the electrodissolution and corrosion of copper, there is a growing interest in the development of appropriate inhibitors for this metal.
Well-packed, orderly films which can be formed on the copper surface, must not only prevent the surface from corrosion but are also expected to support the ultrafine basic requirements anticipated for nano-sized electronic components [3] . The modified surface blocks the approach of electrochemically active species to the electrode surface, resulting in a complete suppression of their redox reactions at the electrode surface. The corrosion inhibition will be prominent in organic molecules due to their higher resistivity to electron transfer reactions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . They form a thin resistive layer on the metal surface and protect it from the surrounding reactive environment. The most studied organic molecules include alkanethiols, alkanoic acids, organosilanes, triazoles, amines, thiazoles, imidazoles, etc. When the molecules are short and micro-heterocyclic compounds, either electron tunneling across the thin films or penetration of electroactive species through defects, or both, allows the electrochemical reactions to proceed at the electrode. In order to overcome this problem, one should think of molecules that not only resist the electron transfer completely, but also can withstand extreme temperatures and are inert to the external atmosphere.
Macrocyclic complexes such as phthalocyanines and porphyrins are in this regard interesting compounds. These complexes are also well known for their thermal stability, chemical inertness and their behavior as an electron transfer mediator. In contrast to the latter, blocking effects can also be observed. The number of articles in the literature that describe the use of phthalocyanines and porphyrins as blocking agents are limited, but have been demonstrated for the corrosion inhibition of iron and steel [13] [14] 18] . The adsorption and inhibiting abilities of these molecules are affected by factors and properties such as functional groups, steric influence, electron density profile at donor atoms and orbital character of donating compounds.
In the present study, we examine the formation of a cobalt (II) 5,10,15,20-tetrakis(2-aminophenyl)-porphyrin (Co(II)(T(o-NH 2 )PP) film on a bare copper surface by chemisorption. The coated surface is characterized using different surface analysis techniques such as optical microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). The corrosion inhibition efficiency of the copper coated surface is measured using electrochemical impedance spectroscopy (EIS), linear polarization resistance (LPR) and Tafel analysis.
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EXPERIMENTAL DETAILS
Materials
Co(II)(T(o-NH 2 )PP) was purchased from Porphyrin Systems (Germany) and was used as such without any purification. Sodium sulfate and ethanol were purchased from Sigma-Aldrich. All the reagents were analytical grade. Double distilled water was used for the preparation of the Na 2 SO 4 electrolyte solution. Circular copper coupons (purity 99.9 %) from Goodfellow Cambridge Ltd. of 12.5 mm diameter and 2 mm thickness were used for the characterization by optical microscopy, Raman spectroscopy, XPS and AFM. For the electrochemical measurements, electrodes in the form of inlaid copper disks with 2.0 mm diameter were used. They were embedded in an epoxy resin.
Sample preparation
The copper coupons and inlaid copper disks were polished using a polishing cloth (12" micro cloth PSA 10/PK, Buehler, Buehler) using sequentially 1.0 µm and 0.5 µm alumina. The electrodes were subsequently washed in water and later on in ethanol while being sonicated for 10 minutes in an ultrasonic bath. To minimize the exposure of the cleaned copper substrates to the air, the copper coupons were stored in a closed nitrogen atmosphere.
Formation of the chemisorbed film of Co(II)(T(o-NH 2 )PP
The cleaned copper coupons and electrodes were immersed in a 1 mM Co(II)(T(o-NH 2 )PP) solution, dissolved in ethanol for 24 h purged with N 2 to avoid the formation of an oxide layer, after which the samples were washed thoroughly with ethanol and water to remove the physically adsorbed material.
The samples used for microscopy measurements, were partially covered with a standard adhesive tape (thickness 3 µm) in order to obtain a sample with both a Co(II)(T(o-NH 2 )PP) modified and a bare copper surface.
Characterization of the modified surface
An optical microscope (Nikon SMZ 800 equipped with a Nikon Digital Sight system) was used to study the surface characteristics of the modified samples from a visual point of view. The microscope uses a Euromex fiber optic light source EK-1 to illuminate the copper sample. The images were recorded and analyzed using the software NIS Elements D 3.0 (Nikon).
A confocal Raman spectrometer Senterra R200-L (Bruker) was used to analyze the Co(II)(T(o-NH 2 )PP) powder and the porphyrin coated copper sample. Raman spectra were recorded using a 785 nm diode laser with a power of 300 mW at the source. An Olympus microscope, coupled to the spectrometer, was used for the visualization of the sample and for the microanalysis with an objective lens of 50 x magnification. The spectrometer is equipped with a thermo-electrically cooled CCD detector (1024 x 256 pixels). Raman spectra were recorded in the wave number region of 100 -1700 All the voltammetry experiments were performed using an Autolab potentiostat (PGSTAT 100, Netherlands) with GPES software, in a three-electrode cell system with saturated calomel electrode solution at open circuit potential. The EIS data were fitted using the NOVA 1.5 software (Autolab, Netherlands).
RESULTS AND DISCUSSION
The structure of the cobalt (II) 5,10,15,20-tetrakis-(2-aminophenyl) porphyrin (Co(II)(T(o-NH 2 )PP)) is shown in Figure 1 . It has four amine groups at the ortho-position of the benzene ring and is soluble in ethanol. The amine groups as well as aromatic π-electrons in the porphyrin ring are expected to interact with the copper surface to form a stable film. The stable film formation can also be attributed to the overlap between the d-orbital of the Co(II)-ion and the copper surface. A similar behavior was observed for silver and gold [19] [20] [21] . Figure 2 shows the optical microscopy image for the Co(II)(T(o-NH 2 )PP) modified copper surface (left) and the bare copper surface (right). It clearly shows the difference between both sides and the fact that the modified surface is uniformly and completely covered. A control experiment was also performed by dipping the bare copper surface in an ethanol solution saturated with N 2 to monitor the change in the surface. We were not able to observe any change, which clearly indicates that the modified surface is due to the adsorption of the porphyrin on the copper surface and not due to a reaction with the ethanol solvent.
Surface characterization of the coated surface
Raman spectra of the bulk Co(II)(T(o-NH 2 )PP) powder and the modified copper surface are given in Figure 3 . The Raman signals of the two samples are in good agreement with data documented in the literature [22] . The spectra are dominated by strong in-plane stretching and breathing modes of the porphyrin aromatic and planar macrocycle and are assigned based on the reported literature [22] . Table 1 Co2p3/2 signal shows two peaks due to a multiplet structure, which is caused by the unpaired electron in the d-shell of the Co(II)-ion (d 7 electron structure) considering spin-orbit and electrostatic electron-6 electron interactions [19] . This shift to a higher binding energy due to the +2 oxidation state of the cobalt atom can also explain the formation of a multilayer instead of a monolayer structure. The formation of a monolayer structure would suggest that the transfer of electron density is much larger for each individual Co(II)-ion in the porphyrin complex, which would show a bigger shift to a lower binding energy [32] .
The C1s spectrum shows three contributions. The main peak at 284.7 eV is related to the aromatic carbon of the porphyrin molecules and phenyl rings. A shoulder peak at 286.8 eV can be assigned to C atoms connected to the N atoms of the peripheral amine group. A small third contribution at 289.6 eV is related to the π electrons in the aromatic rings. The ratio between the different peaks is probably distorted by an aliphatic C contamination, increasing the intensity of the 284.7 eV peak.
The N1s spectrum also shows three important contributions. Two major peaks in equal intensity are related to the nitrogen in the pyrrole position (at 398.2 eV) and in the amino group (399.3 eV) in the multilayer structure [33] . The peak at 400.6 eV is probably due to the nitrogen contamination by nitrogen (N 2 ) adsorption [24, 34] . in an increase in surface roughness [35] . The roughness increase after modification is clearly indicated in the 3D surface plots (see Figures 5c and 5d ). All together the data clearly confirm the formation of a Co(II)(T(o-NH 2 )PP) film, which is uniformly and homogeneously distributed on the copper surface.
Explanation of the film formation
The interaction between Co(T(o-NH 2 )PP) and the copper surface can be explained based on two types of interactions:
1) The porphyrin molecule has a benzotriazole like structure, which forms a complex with copper [5, [36] [37] . The mechanism of the interaction of the porphyrin on the copper surface can be given by:
where Cu: Co(II)(T(o-NH 2 )PP (ads) stands for Co(II)(T(o-NH 2 )PP adsorbed on Cu surface.
In the presence of oxidants or by anodic polarization it can be oxidized to a protective complex:
Based on the porphyrin structure it can be seen that the molecule has two places convenient for bonding with the copper surface: the nitrogen atom with a lone sp 2 electron pair and the aromatic ring. The presence of nitrogen atoms in the pyrrole ring of the porphyrin enables bonding with 7 copper and is a basis for the inhibitive effect of porphyrin on the copper surface. Coordination between the porphyrin molecule and the copper surface occurs via the nitrogen atom of the pyrrole ring as reported for triazoles [38] . The benzotriazole like structure of the porphyrin is strongly adsorbed forming protective Cu(I) porphyrin compounds which effectively block and inhibit the corrosion in presence of an oxidant.
2) The electronic structure of the cobalt atom in the porphyrin complex shows a half-filled 3d (d z  2 ) open-shell atomic orbital, which can bind most likely with the one electron in the Cu(4s) atomic orbital. Geometrically, the Co 3d z 2 orbital is oriented perpendicular to the porphyrin plane and is thus directed to the surface, which facilitates a good overlap. Electronically, this orbital is only singly occupied and represents both HOMO and LUMO (a SOMO) of the cobalt atom of the molecule, which means it can act as an electron donor and an acceptor [19] . The Cu-Co(T(o-NH 2 )PP) interaction can thus be characterized as a simple two-electron, four spin-orbital interaction (or two-electron, two orbital interaction in closed-shell terminology), where the Co 3d z 2 overlaps with occupied states of the copper surface. The copper surface donates an electron to the porphyrin complex to form a covalent/coordinative bond. This means a monolayer of the porphyrin complex can be formed on the copper surface [33] .
The cyclic conjugated porphyrin core system of the Co(II)(T(o-NH 2 )PP) molecule is a rich electron ring with a high electronic density and therefore undergoes a saddle-shape distortion and will not stay in its expected planar geometry when reacting with the copper surface. The peripheral phenyl rings of the porphyrin rotate towards the molecular plane, because of steric repulsions between the phenyl rings and the Cu surface [39] .
The first interaction pulls away the electron density from the porphyrin ring due to the interaction of the copper surface with the π-electrons and the electron pairs of the nitrogen atoms. The second interaction uses electrons from the copper surface to interact with the cobalt metal center of the porphyrin. This means both interactions are needed to produce a strong bonding with the copper surface (see Figure 6 ).
After the formation of this distorted monolayer on the copper surface, the formation of a multilayer
starts. An indication of this multilayer are the bright dots, observed in the AFM images ( Figure 5 ), attributed initially to the aggregated islands of Co(II)(T(o-NH 2 )PP), which form a square unit cell of a lattice in the multilayer induced by the substrate/adsorbate interactions [40] . The islands and the lattice are formed due to the compression because of a considerable tilt angle of the individual porphyrins in the multilayer, i.e. the porphyrin plane is not parallel with the surface. The angle tilt could be caused by specific interactions between the molecules in the top layer or by a rough topography of the first layer, which serves as a substrate for the multilayer [40] . The best way to explain this multilayer formation is to assume an attractive lateral interaction between the different self-assembled layers of the porphyrin complex. The driving force of this self-assembly in wellordered domains relies on intermolecular interactions. Two types of attractive interactions of the 8 phenyl rings of the TPPs (tetraphenyl porphyrin) appear to be likely, namely п-п stacking or Tstacking, which also plays a key role in biological recognition. This means the phenyl groups of the individual porphyrins are either parallel (π-π) or perpendicular (T-type) to each other [40] .
This theory can be verified by the XPS and Raman measurements. The XPS measurements show a multiplet structure for the Co(II) atom and no shift in the C-N pyrrole functions, which indicates a multilayer is formed on the surface [19] . The Raman spectrum of the porphyrin coated copper surface shows sharp and high peaks for the Raman shifts of the macrocycle of the porphyrin. The stacking interactions between the different macrocycles provide not only an increased polarizability and thus an enhancement of the Raman signal, but also shift the peaks of the macrocycle a little bit compared to the bulk [41] .
The inhibition action is a result of the adsorption and multilayer formation of the porphyrin complex on the copper surface forming a blocking barrier to copper corrosion. The formation of this multilayer provides an enhanced electrical resistance at the copper surface. The corrosion inhibition efficiency observed with the porphyrin film is thus mainly due to (1) the adsorption of the Co(II)-porphyrin complex on the metal surface and the transfer of electrons between the open-shell orbital of the porphyrin complex inhibitor and the metal orbital and (2) the formation of a porphyrin multilayer.
Examination of the corrosion inhibition
The Tafel The higher impedance values observed in Figure 8c for the modified copper electrode indicate that the modified porphyrin layer is highly protective compared to the bare copper metal.
To fit the EIS data recorded at the OCP potential, the spectra were modeled using the Randles' equivalent circuits of mixed kinetic and diffusion control as shown in Figure 9 , taking into account the number of time constants deduced from the phase angle plot. Figure 9a shows the Randles' circuit with one time constant where R s is the resistance of the electrolyte, Q dl is the constant phase element representing the double layer, R ct is the electron-transfer resistance (domain of kinetic control)
representing the most appropriate parameter to monitor the protective properties of the film and W is the Warburg impedance (domain of mass transport control) [46] . Figure 9b shows an electric circuit with two time constants where Q coat is the constant phase element, which represents the Co(II)(T(o-NH 2 )PP) film capacitance and a resistor R coat represents the pore resistance of the coating due to the presence of copper(I)oxide. The second time constant can be explained by the presence of defects in the porphyrin layer due to the presence of the copper (I) oxide layer, which makes it more difficult to produce a pore free protective film. Constant phase elements instead of pure capacitors were used because the copper (I) oxide layer is a non-ideal dielectric and forms a gradient of conductivity through the oxide layer. Other explanations are the surface roughness, the varying thickness of the film and a non-uniform current distribution. The constant phase element (CPE), Q, consists of two parameters, Y o and n, respectively, the numerical value of the admittance at ω = 1 rad/s and -(90.n)° the phase angle of the CPE. The CPE behavior for macrocyclic porphyrin molecules modified electrodes has been reported earlier [47] [48] . The estimated EIS parameters obtained using these two electric circuit models are presented and summarized in Table 2 . The Nyquist plot (a) and the Bode plots (b and c) in Figure 8 show that the simulated plots based on our previous stated models agree well with the experimentally obtained results.
It is well known that in 0.1 M Na 2 SO 4 solution copper easily forms a copper (I) oxide layer, which means diffusion due to a concentration difference can take place through a thin Cu 2 O film. This diffusion is much stronger for a bare copper electrode than for a porphyrin coated copper sample (see Table 2 ). This can be explained by assuming a thicker film (d) due to the porphyrin coating, which means the double layer capacitance C dl becomes smaller using the definition of the parallel-plate capacitance (see also 
where ε 0 is the permittivity of the vacuum, ε is the permittivity of the coating layer, A is the surface and d is the thickness of the coating.
A smaller capacitance predicts a smaller charge on the coating/electrolyte interface and therefore a smaller concentration difference in the electrolyte solution and of course less diffusion of ions [49] .
The presence of the Warburg impedance in the electrochemical equivalent circuit model is also an indication of the porous nature of the modified surface [24, 50] . The slope of the Nyquist plot of the bare copper sample at low frequency is −0.5, which also strongly indicates an infinite diffusion process at the electrode.
The increase in charge-transfer resistance R ct for the modified electrode can be explained by an increase of the resistive behavior attained by the electrode on modification with the porphyrin. This means the porphyrin modification leads to a higher protection of the copper surface than the native copper(I) oxide layer. The pore resistance R coat becomes finite, which means that the copper electrode has been subjected to corrosion or is currently undergoing corrosion at the metal/coating interface. The electrolyte can reach the existing corrosion layer through pores in the porphyrin layer and can attack the bare copper underneath to form a bigger corrosion layer.
Comparing both double layer capacitances, C dl of the bare copper and the porphyrin coated sample
shows that the C dl for bare copper is much higher. The high C dl indicates a poorly protective oxide layer is or had been formed on the copper surface. The lower C dl due to the Co(II)(T(o-NH 2 )PP) film can be explained by the better protection of the copper metal and the higher charge-transfer resistance.
The capacitance of the porphyrin coating C coat is almost equal to the capacitance of the double layer C dl . The tiny difference suggests a thin porphyrin film covering the copper electrode with the copper (I) oxide layer. The n-values are approximately 0.53 for bare copper, which indicates a non-ideal dielectric oxide layer and a decrease in capacitive behavior. The n-value for C coat is 0.85 for the coated copper suggests an almost ideal capacitive behavior of the porphyrin film and therefore a wellprotective barrier. The I (inhibition efficiency), expressed in %, is related to θ, the degree of the porphyrin film coverage and is defined by:
The film coverage is calculated by the ratio of the charge transfer resistance of the bare and the modified surface [40] . The coverage (θ) of the film is defined using the following expression:
ct and R ct represent the charge-transfer resistance of the bare electrode and porphyrin modified electrode. The inhibition efficiency is calculated to be 97.94 % with a standard deviation of ± 2 %, which is much higher than the reported values for other porphyrins in the literature [19] .
Though the shift in the potential, polarization resistance and corrosion current density are comparatively less, these preliminary results are encouraging and can be used to improve the corrosion inhibition by varying the experimental conditions and/or the macrocycle (porphyrin, phthalocyanine or dendrimer) with different functional groups and metal ions. Further research is needed to optimize this change in R p and i corr .
CONCLUSIONS
A molecular film of cobalt (II) 5,10,15,20-tetrakis(2-amino-phenyl)-porphyrin Co(II)(T(o-NH 2 )PP) was successfully chemisorbed on a copper surface for the first time. Optical microscopy, Raman spectroscopy, XPS, AFM, LPR and electrochemical impedance spectroscopy showed the formation of a well-ordered multilayer film on the surface. The chemical adsorption is due to the strong interaction between aromatic π-electron of the porphyrin and copper surface and also due to the overlap of the dorbital of the Co(II)-ion center of the porphyrin complex and the copper surface. The multilayer formation provides a higher corrosion resistance and a good corrosion protection. Tafel plots show a decrease in the corrosion current density i corr value for the modified electrode compared to bare copper surface. The porphyrin molecules provide an inhibition efficiency of ca. 97 % and cover almost the entire copper surface. The charge-transfer resistance of the porphyrin covered electrode is nearly 80 times higher than that of the bare electrode, which indicates that the presence of the porphyrin film 
